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SYMMETRY VIOLATING KAON DECAYS

P. Herczeg
Theoretical Division, Los Alarnos Scientific Laboratory

University of California, Los Alamos, New Mexico 87545

ABSTRACT

The content of this talk comprises twc parts. In the first, an
analysis’of the muon number violating decay modes of the K-mesons is
given. Subsequently, some new developments in the field of CP-violation
are reviewed and the question of time-reversal invariance and the status
of CPT-invariance are briefly considered.

INTRODUCTION

The system of K-meson~ has a remarkable record in the history of
modern physics. In 1956, the famous “0-~ puzzle” led to the discovery of
parity-violation in the weak interactions. Eight years later, observation
of the decay KL + 2-Kdestroyed the notic)n that CP-invariance is an exact
symmetry of nature. More recently, the absence of any appreciable strange-
ness-changing neutral curre~t interactions, indicated by the strong sup-
pression of decays such as KL + U+D-, demanded in the framework of unified
gauge theories the introduction of ttlecharmed quark.l Subsequently, the
order of magnitude of the charmed quark mass was successfu].ly predicted
from the obsened KL-Ks mass difference.2

Instrumental to this role were the relatively large mass of the K-
mesons which allows a great variety of decay modes, including some non-
leptonic ones, and the existence of two distinct, almost degenerate, neu-
tral kaon states. Is it conceivable that studies of K-decays would lead to
developments of similar importance in the future? The areas that appear to
have the best chance are again those where an apparent symmetry principle
would be probed. In this talk, I would like to consider some topics which
belong to this domain. This is not to suggest that other aspects of K-
decays are of minor importance. Precision measurements of the “classic”
kaon (and hyperon) decays, for example, have become especially important at
the present time, since new theoretical developments suggest some dev~.~c;o~s
from the Cabibbo model.3 Also important are detailed sttldies of nonlepton,c
decays, to understand the pattern of violati~n of the Al = 1/2 rule. Last,
but not least, investigations of the “non-exotic” rare decays, such as
KL+ B+V-, d+ m+~v,.. .are of great value since here one probes the effects
of the higher order weak and electromagnetic interactions, calculable in
principle in renormalizable gauge theories,4 and also the possible presence,
at some level,,of strangeness-changing neutral currents.

MUON NUNf13ERVIOLATING KAON DECAYS

Recently there has been considerable interest, both experimental and
theoretical, in the question of possible muon-number violation. This re-
flects the realiz~~ion that in unified gal,ge theories, it is possible to
account for the stringent experimental limits for processes such as
p + ey, U-Z + e-Z, KL + e~,...without having to require a fundamental law
of muon number consenation, and m~reover, that these processes could, in



fact, occur with bra;ching ratios which are not far from the present experi-
mental upper limits.

The existing plon factories were essential for obtaining the severe
bounds on the branching ratios of strangeness-conserving muon number viola-
ting reactions and will continue to be indispensable for improving the
obtained accuracies. What additional information one obtains from studies
of the strangeness-changing processes? Would a facility capable of improv-
ing considerably the existing limits be of great significance? These are
the issues I would like to try to explore here.6

Restricting attention to decay modes which do not involve neutrinos and/
or photons, and which contain no more than three particles in the final
state, the following muon-number violating. lepton-ilumber conserving decay
modes of the charged ad neutral kaons are possible:7

KL + efu:, (la)

KS + efu~, (lb)

KL + ~oefv~, (lc)

KS -tpoetp~, (id)

K* + fifef~~, (le)

Needless to say, none of these have been seen so far. Experimental upper
ltiits appear to be available only for (la) and (le).

Let us consider the decay KL + Be (KL + u+e- , for defi, “teness) in
some detail. The general form of :he ampl~tude is

M(KL+ v+e-) = A iiy5v+ B uv , (2)

where A,B are complex numbers.
rate is given by

r(KL + ‘+e-) = mK(l

= (1.8

and the branching ratio relative
= 1.27 x 10-8eV)

B(KL+ u+e-) ~ r(~

= (1.4

To elucidate the meaning of

B(KL +

Neglecting

- m~/m~)2(

x 107)(IAI;

the electron mass, che decay

A]2 + lB\2)/8n (3)

+ IB12) eV,

(4)

to KL + all is (using r(KL + all)ap

+ p+e-}/r(KL + all)

x 1(?15,,’12+ IB12).

the experimental bound,’

V+e-)<2 x 10-9 , (5)

we shall have to ccnslder the various ways in which muon number violation
could take place. To remain as model-independent as possible, we shall
first represent the muon number violating interaction involved by a

phenomenological quark-lepton coupling of the form
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(6)

+ (fSp i5B+ fpp FiY5P)Jp] + H.c. ,

where fVAB f~, ...are parameters characterizing the strength of the
corresponding terms relative to 2‘1/2 G (G= 10-s~2) and

(7)J; = ‘~Ay5d + 2YAY5S

Jp = Eiy5d + ~iY5s . (8)

(6) is the most general nonderivative local effective Lagrangian that
could contribute to KL+lJe. As we shall see, it covers all the cases
of interest.

The contributions of (6) to A,B are

A = (4.2 x lo-’)f~ aA+ (2 x ~@)fpp ap ,

B= -(4.2 X 10-7)fVA aA- (2 X l@)ifSp ap

where aA,p are defined by

<OIJ;IKL(P)> = p~ mK aA/ ~

<CJIJPIKL(P)> = -i m~ apl ~ .

The :mstan: aA can be estimated using SU(2) symmetry:

while ap can be related to aA malcin& use of the relation

aAJf= (UIs+ UId).Jp.

(9)

(lo)

(11)

(12)

(13)

(14)

One finds

aA = 0.4s (15)

ap = aAmK/(ms + mS) ‘1.5 (16)

where we have9used fK = 1.2,3mme and m~ = 150 MeV, ITId= 7.5 MeV for the
quark masses.

For simplicity, we shall consider two special cases for the Lagrangian
(5):

a) fVA=fpp=fSp=~; f~# 0,

!

b) fVA=f~=ipp=(); fpp+ O.

The experimental bound (5), together with equatior,s (9), (15), and (16)
implies then

Ifml ~ 6 x 10-6

Ifpp[ S4 x 10-7

for cases (a) and (b), respectively.

(17)

(18)
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(19)

Is there any further significant con~traint on f~, fpp? As we shall
ace, the answer is in general affirmative, since the interactions which
lead to the effective Lagrangian (6) will, as a rulz, also contribute FO
the KL - K5 mass difference Am ~ mL - ms, and Am, being second-order weak
in magnitude, is extremely sensitive to contributions from strangeness-
changing neutral “current” interactions.

In the framework of unified gauge theories, KL + pe (as well as other
AS = 1 muori-number violating processes) could occ’lrvia higher-order
effects (pje coupled to intermixing leptons) or at the tree level, provided
that there are neutral

f
aL’2ebosons or neutral Higgs mesons coupled directly

to both (~e) and (sd).1
Let us consider these possibilities individually:

1) Mucm number violation via neutral gauge boson eXchange. In a sequen-
tial ~[2)L x U(1) gauge theor flavour-changing neutral gauge boson-
fermion couplings are absent, 1?’ However, such couplings may, in general, be
present if .5U(2)L x U(1) was part of a larger flavour group. Quark-flavour
and lepton-flavour changing transitions will also be present if the usual
“vertical” gauge interactions are supplemelited by “horizontal ones,” which

connect the generations, as nay be necessary in order that the parameters of
the mixing matrix, connecting the mass eigenstates and the gauge-group
eigenstates, be calculable>2

Let us consider a fermion-gauge boson coupling of the form

Lf~ = g’EyAy5p XA + g“ JfX1 + timCa

with J’!given by eq. (7). The Lagrangian (19) leads to an effective
semileptonic interaction (6), with f5p = fpp = fVA = O and
f~ = 8g’g’’Nfi/g2M~,(g2/8F~ = G/fi), and consequc:~tly to KL + pe with a
branching ratio (cf.eqs. (3), (9), and (15))

B(KL+ pe) = (3.7 x 103)(g’g’’/g2)2(mmX)4)4 . (20)

The Lagrangian (19) will also give a contribution

AmX = 2(g’’)2Re2~~01(~y~y5d)(~yxy5d) lKO>/~ (22)

to the KL - Ks mass difference Am. There is no reliable method available
at present to evaluate the matrix element (22). An estimate, which should
be adequate for our purposes, can be obtained using the “vacuum insertion
method.” 13 We find

Lmx =: f~mK(g’’/Mx)2 (23)

= (2.5 x 103)(g’’/g)2(FiMx)2)2eV .

For A~not to exceed the experimental value Amap = (3.5 x lU-6) eV,
we must have

(24)t~y~ (2.7 X 104) $% .

As a consequence, for a give;4g’
trarily large, b~ltmust obey

B(KL+ ve) ~

and g“, B(KL + pe) cannot be arbi-

(7 x lo-15)(g’/g”)~ .

-4-
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It follows that g’ig” 5 500, B(KL + Be) reaching its experimental
upper limit (5) for g’ = 500 g“.lS If we assume (in the spirit of
unified gauge theories) that g’ = g“ = g, then

Mx 2 (2.7 X 104)~ , (26)

lf~l < 10-e , (27)

and

B(KL + ue) ~ 7 x 10-~5 . (28)

2) Muon number violation via neutral Hi’ggs exchan~’g. If the Higgs

sector of the SU(2)L x U(l) model is extended to include at least two
Higgs doublets, muon number may be violated by the Higgs-lepton couplings.

16

The neutral Higgs mesons which mediate u ~ e transitions could, in general,

be coupled also to AS = 1 quark densities, leading to processes such as

KT,+ Be. Muon number may be violated also by Higgs mesons associated with—.
R~oup structures beyond SU(2)L x U(l).

Let us consider a Higgs-fermion interaction of the fom

Lfh = g;(=iysd + ~iY5s)$h + g; Eiysudh ●

The contribution of (29) to B(KL + pe) and Am is givan by

B(KL+ Be) = (1.3 x 104) lfpP12

= (1.3 x lok)(fi g;g;/G&)2

a~d

Amh ‘~ (g~/mh)2mKfK2[mK/(ms + U’Id)]*.

Amexp ana eq. (31) imply

~ > lC17g: GeV

so that for a given g~ and g;, we must have

B(KL+ pe) ~ (1.6 X @4)(~~/g;)2 .

Consequently, the experimental limit (5) requires g~/g~~~ 350. As
an example suppose that g{ = 21/’’mP&
and g~ = 21/’’m~&. It follows that

mh > (6 x 103) GeV

B(l.L+ Ve) c 8 x 10-15 .

The choice g{ = 21/4mV~, ~; s 21/4mdfi would, instead, lead to

mh > 320 GeV

B(KL + ~e) c 3 x 10-12 .

-5-
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(33)
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Larger values of B(KL+ve) corresponding to other raCioS for the Hi6gs

coupli~gs cannot be, of course, ruled out.
3) Muon number violation via intermixing Ieytons. A prominent example

here is the standard sequential six quark-six lepton !5U(2)L x 1(1) model,
which has so far been rerrarkably successful in accounting for a wide
variety of weak interaction data. Even in the absence of the mechanisms
described zarlier, muon numbfr will not be in general consened as long
as the neutrinos are not all exactly massless (or degenerate). Neglect-
ing muon number violation due to v v,,mixing, all muon number violatin
effects will be proportional co ch~’pafameter By where 6 and y mzasure Ft lC

a~ount of the VT mass eigenstate in the gauge-group eigenstates v: and
VP, respectively. 17S18 The KL + pe rate in this model has been calculated

in ref. 17. With the experimental limits (8y)2 < 2 x 10-3 17’18 and

~1 c 250 MeV]9 one obtrins

B(KL + Pe) < 5 x 10-16 . (38)

We are now ready to state our conclusions regarding KL + ~e:
a) Above the level of about 10-14 for the branching ratio, the decay

KL + Be is not expected to be sensitive to a flavour changing neutral
gauge boson coupled to (ve) and (sol)with comparable strength. In
contrast, a neutral gauge boson coupled to (ue) and to a strangeness-
conserving quark density only, the rate zf;r U-Z + e-Z could be as large
as the corresponding experimental limit. Consequently, in the ranqe
10_lQ < B(KL + Be) < 2X10-S the decay KL + ve probes the presence of other
possible sources of muon number violation. b) A branching ratio consider-
ably larger than %10-12 would suggest any of the following possibilities
or combinations thereof: the existe~ce ~1 an additional generation of
leptons and quarks21 ; the presence of a n~utral Higgs boson22 coupled to

(Pe) more strongly or to (sol)more ‘~eakly than we have assumed above;
the existence of a strangeness and muon number changing neutral guage
boson with a considerably stronger coupling to (pe) than to (sol).

Concerning Ks + ue, no experimental information seems to be available
yet. This decay is sensitive to the antisymnetric combination
grid - ~ris (i = A,P). In general, (pe) may be coupled to a linear combi-
nation a(~rd) + b(~rs) with a # tl, allowing for both KL + pe and Ks + ue
to occur.

We shall turn now to consider briefly ~ + n+pe. This decay would
be sensitive to an effect~:e interaction analogous to (6) but involving
vector, scalar, or tensor quark densities. For a vector coupling the
branching ratio is

B(K++~+pe) : r(K?+ ~+pe)/r’(l@+ all) = (6.4 x 10-l) lfW12 . (39)

Assuming tha~ the contribution to Lm of a neutral ~auge boson X$ coupled
to JV = ?iy~d+ dy~s is comparable to A% (eq. 23), onc obtains

B(K++ m+~e) < (2 x 10-17)(~/g~)2
B

to be compared with the experimental limit’

(40)

(41)

-6-



For a scalar coupling,

B(l& + ~+ue) = 81f5S12 , (42)

and Ameq implies (assuming ~ms = Amb)t

B(@+ n+ve) < lC-17(g&/g~)2 . (43)

For g&/gg = ~/m~ and g~/g& = ~/md, (42) leads to

and

B(@ + ~+pe) < 2 x 1o-I5 (45)

respectively.

In the standard SU(2)L x U(1) model with three generations, one
would have B(@ + n+pe) < 6 x 10-18.17

As seen from eqs. (39) - (46), compared to the results for NL + ue,
~ + T+pe is much less sensitive to a vector or scalar Couplii.g than
KT + Me IS to an axial vector or a pseudoscalar one.

No experimental limits are available for KL,s + fi”~e. Both will occur
(as well as @ + T+pe, to which they can be related), if (ue) is coupled to

a general combination a~rid + b~ris (i = V,S,T).

CP, T, ai~d CPT

Although the discovery of CP-violation dates back to 1964, its origin
remains an unresolved question. The experimental developments since 1964

can be summarized as follows:24 1) No CP-viulation (or T-violation) was
found outside the neutral kaon system; 2) More accurate experimental infor-
mation became available on the parameters wh~ :h describe the observed CP-
violation; 3) Sharper limits were set on CP or T-violating amplitudes in
various processes. The data are consistent with a theory in which CP-
violation arises solely through the mixing of K? and ii?,SUCII as a supsr-

25 On the theoretical side,weak theory. the success of unified ~auge theo-

ries led to investigations of the possible wavs in which the observed CP-
26 The basic mechanisms are CP-violation could arise in such a framework.

violation in the gauge boson-quark couplings and in the interactions of

Higgs mesons. Below we shall discuss briefly two models which are of imme-

diate experimental interest.
1) CP-violation in the gauqe boson interactions. The prominent example
is again the sequential SU(2) x L(l) model with three generations (the
minimal number th t could accommodate CP-violation in the fennion-gauge
boson couplings).29 CP-violation could reside also in the couplings of
gauge bosons belonging to a larger flavour group.~o”

In the six quark-six lepton model, the mixing matrix, which relates the
quark mass-eigenstates d,s,b tr the gauge group eigenstates d’,s’,b’, con-
tzins three mixing angles 01, 82, 03 and a CP-vialating phase, 6:

-7-



()(
d’ c1 -Slcl -s1s3

)()

d

s’ - S1C2 C1C2C3 - s2s3e i6 clc~c3 + s2c3e 16 ~

b’ 5192 C1S2C3 + c2s3e
i6 C1SZS3 -C2C3~i6 b

where ci = cos 61B SI = sin 61.

The parameters E and c’ involl’ed in the CP-violating observables2g

% ‘ :+C’ (46)

noo = E - 2E’ (47)

are predicted in this model to be30

J31EI = (1-D;(ImAo/R40+ K’F) , (48)

fil~’ I = (1/20) Im.~/ReA: (49)

and

I@/ReAo = fK’~ . (50)

In eqs. {48) - (50), & is the K+ 2TI(I= O) amplitude,
K’ = szcztq sin6/cl~ (ti = ta~gi) and fReAo is the fraction of ReAo due
to pe guin diagrams.

5’
F end # are functions of mc/mt and

K= s~ + s2c~t3cos6/cl. F, in addition, depends on the cutoff mass u in
the evaluation of the penguin diagrams. (1-D)Am ~ Ambox is the usual
box-diagram contribution to Am = mL-m~ and DAm is the part of Am arising
from contributi~ns of low-mass ir,termediate states (Tr0,n,2n,...), which
cannot be reliably calculated.

For fa O, apart from some new effects in rare kaon decays and in the
decays of charmed particles, the mcdel reproduces closelv the results of

31 An important result,the superweak theory. arrived at in ref. 32 is that

for an appreciable value of f (which may be the clue for the understanding
of the AI = 1/2 rule), the ratio

Ic’lc! = f;/(1-D)(f~+F) (51)

could be as lar:e as the present e~erimental limit l~’j~lexp 5 1/50.24

For a given value of other parameters, (51) turns out to be a cle-
creasing function of K. The maximum allowed value of K, dictated by D,
corresponds to the minimum of [E’/cl. Assuming IDl < 2 (suggested by
estimates of DAm) and choosing f - 1/2, m~/~2 = 2.25, mt/mc = 10, the

lj.tnits[c’/cl~ 7.7 x 10-3 or lc’/~l ~ 9 x 10-3 are obtained,30 depending
on whether the box diagram was calculated by vacuum insertion, or ir,the
bag model. * Smaller values of IC‘/c[ (which wculd correspond to larger
values of one or more of the quantities mt/mc, mc/~, and D, or to a small-

er value of f30’3<) cannot be, of course, ruled out.
In a~dition to effects in K + 2i-r,deviations from the superweak pre-

diction may occur also in some other nonleptonic decays, for example, in
K + 31T. Predictions of the possible magnitude of such effects are yet to
be made.33 In semileptonic decays no CP-violation is present in lowest

-8-



order. The electric dipole moment of the neutron Dn is predicted to be
of the order of 10-29 to 10-30, (to be compared with the present experi-
mental limit lDnlexp < 1.6 x 10’24 (90% C.L.))sq which presumably would
not be attainable even ‘.{iththe next generation of experiments.
2) CP-Violation through Higgs boson exchange. If the Higgs sector of
the SU(2)L x U(1) model is extended to include at least three doublets
(at least two, if the neutral Higgs exchange is allowed to change flavour),
the uartic self interaction of the Higgs bosons may, in General, violate
cpm3! CP will not be then conserved by the scalar prc?agators and as a
result, the exchange of a higgs boson will induce an effect:ve CP-violating
Fermi interaction with strength of order Gmm’/m~.35

CP-violating effects in this model have been estimated in ref. 37
with the results lc’/~l = 0.02(!) and Dn = -2.8 x 10-25. It should be
noted that by increasing the “transition” Higgs mass, Dn could be made
correspondingly smaller, but the model could not then account for the ob-

served CP-violation. The latr.er, on the other hand, may be due to other

causes. In order that lE’/~lcould have a smaller magnitude, further Higgs
doublets seem necessary. CP-violating effects are expected also in semi-
leptonic reactions, notably a muon polarization PV normal to the decay
plane in K~ + TI-U+Vand Y+ + TIoM+v, cerrespGnding to Im< (the ratio of
T-viol?ting and T-invariant ferm factors) of order 10-~, to be compared
with the present experimental limit ImE = 0.012 t C.026.38 Again, smaller
values of Im~ cannot be ruled out. In particular, CP-violating effects in
KL + 2r and in ~3may not be related, since in the lcptonic couplings a
different Higgs meson might be invalved. To search for smaller pp,
l@+ n“p+v is the better suited, since here the final-state interactions
are relatively negligible.

In addition to CP-violating quantities such as n+ and noo, we have
also encountered in models described abo’~eobservable which ‘Jiolate time-
reversal invariance. The simultaneous appearance of CP-violation and T-
violation is of course a consequence of the CPT theorem, which is satisfied
in a local relativistic quantum field theory, such as rhe models we have
considered. Although ihe success of gauge theories has but strengthened
our belief in local quantum field tt,eoryas the correct framework to des-
crike the fundamental interactions, it is important to remain open minded
and to be aware of the extent to which ~onsequences such as the CPT thculem
have been experimentally testei.

As emphasized in ref. 39, :he existing bounds on the strength of possi-
ble CPT-violating interactions depend on their symmetly properties. The best

available limit refers to the case when the CPT-viclating interaction is alsa

CP-violating, but conserves pa;itv and strangeness. It is deduced from the

limit on tF,emass difference between KO and ~0,
SK = [m(KO) : mKO)~/(mL - PS).39 Let us write for the parameter c (ir.eq.
46) E=E+6, where. E and d represent the CPT invariant (T-violating) and
CPT-violating (T-invarianL) parts, respectively. An evaluationqO’2b of the
Bell-Steinher~er unitarity relation, using the present experimental informa-
tion yields 2~ Ret = (1.6J t ().2S) x lC-3, Im~ = (1.40 f 0.25) x 10-3,
Ret = (-0.03 t 0.27) x 10-3, and Im& = (-0.23 f 0.27) x 10-3 implying that
the observed C.P-violation is predominantly due to a T-violating (CPT-
invarian~.) interaction! The constant ~ is related to 6K as
(CPT-invariant) ;;tere:eti;n! The constant ~ is related to 6K as
fii = 1/26K+ 60 w ‘[y(Ko) - YCKO)l/[Y(Ko) + Y(~o)] (y(K”) and
ymo) are- the decay width ~f Ko andlo).qg Assuming that.!30= AK =

[Y(d) - Y (K-)]/[Y(h+) + Y (K-)], one infers from the experimental bound

-9-



AK ~ lf3_3 41 that 16KI s 4 x 10-3. Lenoting the strength of the hypotheti-
cal CPT-”:i~lating interaction by UG (C = Fermi constant), its contribution
to 6K is di order 16KI ‘ pC/G2 = DIG and consequently

P: (4 x 10-3)G (52)

implying that the strength of the CPT-violaticg interaction must be of the
order of the superweak interaction or smaller. Ihe linit could be improved
by better infonuation on CP-violating K“ decay modes and on AK (provideil
that the assumption 60 = AK holds39). If the CPT-violating, CP-violating
interaction violates paritv or strangeness (or both), the information on
?:s strength is weaker: [6KI = UG2/G2 = u < 4 X10-3. Alimitof 16KI ~ 10-3
is obtained from AK (or from Am < 10-3,42 for the S = O case).39
Thus in this case CPT-violation at the level of a miliweak interaction is
still tolerable! The limit could be improved by a nore accurate experi-
mental result on AK. For CP-conserving, CPT-violating interactions, the
limit from 6K, LK, or An depends on the strength of the CP-violating i~ter-
action. In most case~ the best limits ~re obtained instead from direct
tests of time-reversa. violationo3g

CONCLUSIONS

The main subjects of our discussion were muon >umber violating processes
with change of strangeness, and some new developments in the field of CP-
violatiun. Although unified gauge theories provide a number of possible
mechanisms for tr.ebreakdown of muon number conservation, muon number viola-
tion is not obligatory, and its discovery would be An event of great impor-
tance. On the basis of our discussion it appears that the chsnces for muon

number violation to be found, with a branching ratio between about 10-lL and
the existing experimental limits, are better for the AS = O reaction u-Z+ e_Z

than for the AS = 1 processes we consid~red. Once muon number violation was
found, however, ;tudies of the AS = 1 processes would”provide new information
on the underlying mechanisms. Independently on &’eth’er muon number violation
is seen or not, improved experimental limits on I~S= l-muon number violating
processes would give important constraints, independent on thos~.imposed by
the leptonic and the AS = O semileptoni.c reactions, on the possible muon num-
ber violating interactions.

Unlike muon number violation, the breakdown of CP-symmetry is an esta-

blished fact. The aim of the experiments is tG identify the interaction re-
sponsible for it. The prospect that one may be able to distinguish some of
the possible sourcer, ~f CP-violation from a CP-violating superweak in~er–
action is a most e;:citing one, and to improve the accuracy of the relevant
experiments is of the greatest importance. Some progress can already be made

by the exist~ng machines, 43 but for the final answer wc may have to wait for

new. high iutensity beams of kaons.

ACKNOWLEDGEMENTS

I wish to thank the Physics Department of the University of Sussex
where part of this tzlk was przpared, for their warm hospitality, arid

C. M. Hoffman for useful conversations.

-1o-



*

1.

2.

3.

4.
5.

6.

7.
8.
9.

10.

11.
12.
13 ●

14.

15.

16.
17.

18.

19.
20.

Work performed under the auspices of the United States Department of

Energy.
S. L. Glashow, J. Iliopoulos, and L. Maiani, Phys. Rev. D2, 1285
(1970); S. Weinberg, Phys. Rev. ~, 1412 (1972). —
M. K. Gaillard and B. %. Lee, Phys. Rev. D1O, 897 (1974);
Phys. Rev. D13, 2674 (1976).
See, for ex~le, R. E. Shrock and L. L. tiang, Phys. Rev. Lett. ~,
1692 (1978j, and references quoted therein.
?4.K. Gaillard and B. W. Lee, Phys. Rev. DIO. 897 (1974).
P. Deppomier, inv. talk, 8th Intl. Conf. ~n—lligh Energy Physics and
Nuclear Structure, Vancauver 1979; B. Hahn and “r.Ffarti, Lectures at
the Erice School on Exotic Atoms, 1979.
We shall give a more detailed account of the investigation described
in this section, along with a discussion of the lepton-number non-
conserving decay modes, in a forthcoming paper.
Particle Physics Group, April 1978 Ydition, CERV, 1978.
R. E. Shrock and S. B. Treiman, Ph~s. Rev. D19, 2148 (1979).
S. Weinberg, Transactions of the New York A~emy of Sciences, ~, 185
(1977)

Still another possibility may be muon number violation through exchange
of leptoquarks (bosons causing quark * lepton tra..:itions appearing in
theories which unify the strong and the flavour interac~ions). Althouzh

leptoquarks are expected to be in general too heavy to cause detectable
effects, it is interesting to note that the correspo,~ding AS = 1 muon
number violating effective interaction would not be significantly con-
strailled by Am, sin~e in lowest order there is no accompanying nonlep-
tonic interaction.
S. L. Glashow and S. Weinberg, Phys. Rev. D15, 1958 (1977).

F. Wilczek and A. Zee, Phys. Rev. Lett., 4~-421 (1979).—
The vacuum insertion “approximation” is discussed in ref. 8, where the
bag model is used instead to calculate Am in the standard six quark
model, yielding ~mba~ z 1/2 A~ac.
It should be noted that in arriving at the bound (24), we have ignord
the possibility of cancellations among the various contributions t~ Am.
Thus, B(KL + ~e) could, in fact, be larger than the upper limit given
ineq. (25).
A conceivable situation (which does not seem to be however very attrac-
tive) that could lead to KL + pe with vastly different magnitudes for
g’ and g“ would be the existence of separate horizontal gauge groups
for leptons and quarks, with gauge bosons X1 and Xh which mix with each
other.
J. D. Bjorken and S. Weinberg, Phys. Rev. Lett. ~, 622 (1977).

Rev. D16, 1565 (1977); B. W. Lee, etT. p. Cheng and L. -F. Li, Phys. _
al, Phys. Rev. Lett. 38, 937 (1977); B. W. Lee and R. E. Shrock, Phys.
Rev. D16, 1444 (1977)7
G. Al~elli, et al, Nucl. Phys. B125, 285 (1977). See also B. Hahn
and T. Marti, ref. 5.
W. Bacino. et al, Phvs. Rev. Lett. 4~, 749 (1979).
The ratt for coherent P- + z- conversion in sulfar would, in this
case, be Rfi~h= (5 x 103)(h~/Mx)4 [we have used the formula of O.
Shanker, Carnegie-Mellon University preprint, April 1979, with a
coupling Lfx = E(ZY p + V )XA, Va = l/2(Cya u + ~y~d)].

t?
The experi-

mental limit on R~~l (R~~’< 7 x 10-11, cf. B. Hahn and T. Marti,
ref.5), leads to h~ 2 (3 x 103)F~. If the same bosoll Fad an axial-

-11-



21.

22.

23,

24.

25,>
26.

27.
28.

29.

30.

31.
32.
33.
34,

35.
36.

37.
38.
39.
40.
41.
42.
43.

vector coupling to (sol).KL + pe would occur vith a branch~.ng ratio

E(KL + ~e) = (3.7 x lC;j(~/}~)b. Thus, both processes are about
equally sensitive to Mx. But ?Ixnow must obey eq. 26, implying
Rcoh ~ 9 ~ l~-]sand B(KL + IJe)S

I’e
7 x 10-15 (we have assumed tha~ all

t~e gauge.‘ouplings involved are equal to g).
Note that if muon number is violated via intermixing leptolls,~(KL + Be)
depends, unii!:~ r(~-z + e-Z)C also on the quark masses.
Assuming g~ = 21/4@ mu, and a AS = O quark-Higgs coupling of the form
21/4fi (~u iIu+ md dd)$l,, the coherent u- + e- ca ture rate fOr sulfur
is (using the formula 6f O. Shanker, ref. 20) ~c~E

[~ (mu + md)m~12 .

= (2.8 x 102)X
The experimental limit on Rue implies mH > 50 GeV.

If the ame Higgs meson couples also to (sol)with a coupling

g: ‘: 721 bfimd, then
?
,e + 4 x 10-14, whj.le B(KL + pe) ~ 3 x 10-12.

We shall not consider ere the tensor coupling case. If muon-number
1s violated through higher order effects, the effective interaction
may, in general, contain such terms. Another possible source of ten-
sor cc.glings would be the effective interaction rz~aiting from lepto-
quark exchange.
For a review of the experimental situation, see K. Kleiknecht, Ann,

Rev. Nucl. ~ci., x, 1 (1976).
L. Wolfenstein, I?hys. Rev. Lett. 13, 562 (1964).—
For recent reviews, see L. Wolfenstein inv. talk, “Neutrino 79” Con-
ference, Bergen, 1979; R. N. I?ohapata, inv. talk, 19th Int’1. Conf. on

High Energy Physics, Tokyo, 1978.
M. Kobayashi and K. Maskawa, Progr. TheOr. Phys. 49, 652 (1973).
E.g. R. N. Mohapatra and J. C. Pati, Phys. Rev. Dfi, 566 (19?5)
R. N. Mohapatra, J. C. Pati and L. Wolfenstein, ~s. Rev. Dll, 3319
(1975) .
L. Wolfenstein in Theorv and Phenomenolozy in Particle Phvsics
(A. Zichichi, cd.), Academic Press (1969), p 218.
L. Wolf& l;t.ein,Carnegie-Mellon Univ. preprint, Nay 1979, and paFer
contributed to the “Neutrino 79” Conf., Bergen, 1979.
J. Ellis, et al, Nucl. Phys. B109, 213 (1976).
F. J. Gilman and M. B. Wise, Phvs. Lett. t:o be published).
See L. Wolfenstein, ref. 26.
I. S. Altarcv, et al, Acad. Scl, USSR, Leningrad Nucl. ?hysics
report UDK-539-12-1, to be published in Nucl. Phys.
S. Weinberg, Phys. Rev. Lett. ~, 65? (1976).
CP-violation may inGtead (or in addition) be located in the fermion-
Higgs couplings. For models in which CP-invariance is broken sponta-
neously, see T. D. Lee, Physics Reports ~, 143 (1974).
A. A. Anselrn and Il.K. D’yakanov, llucl. Phys. B145, 21 (1978).
M. P. Schmidt, et al, Phys. Rev. Let:. ~, 556 (1979).

L. Wolfenstein, et al, Nuovo Cimento. 63A, 269 (1969).
K. R. Schubert, et al, Phys. Lett. 31B,662 (1970).
F. Lobkowicz, et al, Phys. Rev. Lett. 17, 548 (1966).
D. S. Avres. Phvs. Rev. Lett. 21. 261 ~i!?68>.
New proposals include: R. C. ~rsen, ec al
R. Bernstein, et al, (Fermilab) to measure ln~~!~~’!’~~ ~~s~~curacy
of 1%, and R. C. Larse~\, et al, (BNL-Yale, AGS), to measure Im~ in

@+ IToP+v to an accuracy of 0.002.

-12-


